An unprecedented Brillouin gain of 44 dB in a photonic chip enables the realization of broadly tunable and reconfigurable integrated microwave photonic filters. More than a decade bandwidth reconfigurability from 30 up to 440 MHz, with a passband ripple <1.9 dB is achieved by tailoring the Brillouin pump. The filter central frequency is continuously tuned up to 30 GHz with no degradation of the passband response, which is a major improvement over electronic filters. Furthermore, we demonstrate pump tailoring to realize multiple bandpass filters with different bandwidths and central frequencies, paving the way for multiple on-chip microwave filters and channelizers. Filtering is critical for preserving signal integrity in any microwave signal processing applications such as RADARs, radio over fiber, and in defense. Microwave components offering flexibility and reconfigurability are critical in emerging applications such as high data rate wireless communications. Typically, electronic filters suffer from drawbacks such as lack of reconfigurability, limited operating frequency range, and susceptibility to electromagnetic interference. To overcome these limitations, there has been an emphasis on encoding the radio frequency (RF) signal on an optical carrier [1] to realize microwave photonic filters (MPFs). Various demonstrations of MPFs using multitap architectures have been reported [2, 3] . However, such filters have a periodic response limiting the frequency tuning and the bandwidth reconfigurability, which is undesirable for several applications. To overcome the tuning and bandwidth limitations, filters with a single-passband have been demonstrated. These have been realized, for example, using a broadband optical source and a Mach-Zehnder interferometer [4], using phase-shifted fiber Bragg gratings [5] to convert phase modulation to intensity modulation, and by harnessing stimulated Brillouin scattering (SBS) [6] [7] [8] .
Filtering is critical for preserving signal integrity in any microwave signal processing applications such as RADARs, radio over fiber, and in defense. Microwave components offering flexibility and reconfigurability are critical in emerging applications such as high data rate wireless communications. Typically, electronic filters suffer from drawbacks such as lack of reconfigurability, limited operating frequency range, and susceptibility to electromagnetic interference. To overcome these limitations, there has been an emphasis on encoding the radio frequency (RF) signal on an optical carrier [1] to realize microwave photonic filters (MPFs). Various demonstrations of MPFs using multitap architectures have been reported [2, 3] . However, such filters have a periodic response limiting the frequency tuning and the bandwidth reconfigurability, which is undesirable for several applications. To overcome the tuning and bandwidth limitations, filters with a single-passband have been demonstrated. These have been realized, for example, using a broadband optical source and a Mach-Zehnder interferometer [4] , using phase-shifted fiber Bragg gratings [5] to convert phase modulation to intensity modulation, and by harnessing stimulated Brillouin scattering (SBS) [6] [7] [8] .
SBS is a strong third-order nonlinear interaction between photons and acoustic phonons in a material [9] . The pump is inelastically scattered by an acoustic grating resulting in a frequency down-shifted (up-shifted) Stokes (anti-Stokes) wave. The shifted frequency and bandwidth depends on the material properties and is ∼10 GHz and ∼30 MHz, respectively, for a silica fiber. Typically, kilometer-long fibers have been utilized for SBS-based microwave photonic processing demonstrations. However, the need for integration and miniaturization of microwave components has motivated the development of on-chip microwave functionalities [10, 11] . Using SBS, phase shifters [12] , bandpass filters [13, 14] , delay lines [15] , and notch filters [16, 17] with high performance have been realized on chip.
Microwave signal processing puts additional requirements on a bandpass filter such as a flat pass band with a low ripple, sharp edges, and a near rectangular shape. However, the response of a single SBS pump is Lorentzian in shape and does not satisfy most of these requirements. Also, a single pump does not allow the reconfiguration of the bandwidth, which limits the flexibility of the MPF. All these limitations can be overcome by tailoring the SBS gain spectrum. This can be achieved using multiple electrical lines generated from an arbitrary waveform generator (AWG) [18] [19] [20] to modulate the pump using an electro-optic modulator. The resulting pump can be used to tailor the SBS gain to realize broad bandpass microwave filters, which have sharp edges and a low passband ripple.
In this Letter, a bandpass microwave filter based on a photonic waveguide platform with a reconfigurable bandwidth and high tuning range is presented. The bandwidth is reconfigured from 30 MHz up to as high as 440 MHz by electrically tailoring the pump using an AWG. This is more than an order of magnitude improvement over previous results [13] , where the maximum bandwidth achieved was only 40 MHz due to the limitations in the available on-chip SBS gain. With the optimization in the fabrication process of the chalcogenide waveguides, we have achieved on-chip gain of more than 40 dB. This high gain enables the broadening of the on-chip SBS gain far beyond the intrinsic SBS bandwidth. The passband ripple was maintained at <1.9 dB during operation by employing an iterative feedback loop. The central frequency of the filter was tuned up to 30 GHz, while maintaining its passband frequency response, which is a clear benefit over electronic filters. Resonator-based integrated MPFs [21, 22] suffer from trade-off between resolution and tuning range such that high resolution can only be achieved with a small free spectral range. More recently, a filter based on a whispering gallery mode resonator was demonstrated that could be tuned up to 3 GHz and had a reconfigurable bandwidth up to 100 MHz [23] . Thus, a clear advantage of SBS-based filters is that the bandwidth can be tailored independently from the frequency tuning range. To demonstrate the flexibility of our technique, multiple filters with different frequency spacing and bandwidths were also realized on a chip, which can be very useful for microwave signal processing applications to select multiple bands with varying bandwidths.
The principle of operation is outlined in Fig. 1 . The RF signal requiring filtering is encoded into the optical domain through a phase modulator. This results in the generation of two sidebands with a phase difference of π separated from the carrier frequency (ω c ) by the RF frequency. This modulated signal is then sent through a chalcogenide chip with high SBS gain. When the pump is turned off, the Brillouin gain is switched off, and there is no effect on the incident signal, and hence, the two sidebands destructively interfere at the photodetector resulting in only a DC signal. However, when the pump is turned on, the SBS gain at a frequency of ∼7.6 GHz away from the pump is switched on. This leads to the cancellation of out-of-phase signal at all frequencies, except where the signal experiences SBS gain. This effectively filters the RF signal in a very narrow bandwidth given by the SBS response with a higher selectivity than achieved with single sideband (SSB) modulation (where the filter selectivity SBS gain). This enables the realization of higher selectivity filters using low on-chip power. However as discussed before, a single SBS response has a Lorentzian shape and a bandwidth of only ∼30 MHz that cannot be easily varied, as these are material properties of the SBS medium.
The shape of the MPF was controlled by electrically tailoring the SBS pump using an AWG to distribute the SBS gain over a larger bandwidth. The tailoring of the SBS gain is illustrated in the inset of Fig. 1 . Electrical lines generated from an AWG were modulated on a dual parallel Mach-Zehnder modulator (DPMZM), which was biased to generate a single sidebandsuppressed carrier (SSB-SC) signal. This broadened SSB-SC signal acts as the pump for the SBS and tailors the gain profile to enable the realization of a broad and flat MPF. However, due to the nonlinear behavior of various components in the setup, such as the electro-optic modulator and the driver [18] , the measured filter response on the network analyzer is not ideal with a high passband ripple. The ripple can be reduced by using a feedback loop, as illustrated in Fig. 1 . The filter response measured on the network analyzer is collected by the computer and compared to an ideal set gain, following which the electrical voltages of each line generated by the AWG were modified to reduce the passband ripple [18] . The feedback process was then repeated until a flat passband with a low ripple was achieved.
The chalcogenide waveguide structure was fabricated on a silica-on-silicon substrate. A 790-nm-thick layer of As 2 S 3 was deposited on the silica layer that was etched by ∼400 nm, resulting in 2.4-μm-wide rib waveguides. Silica was deposited on the chalcogenide layer to form a cladding layer, providing acoustic confinement. A cross-sectional schematic of the waveguide is shown in the inset of Fig. 2 . A pump-probe experiment was carried out to characterize the SBS response of the waveguide. This setup included a pump laser and a SSB-modulated probe laser, which was swept in frequency close to the SBS response by a network analyzer [17] . The SBS gain was measured for several values of coupled pump powers and by plotting the gain versus the coupled power; the SBS gain coefficient was calculated to be ∼0.76 × 10 −9 mW −1 which is in good agreement with previous reports [24] . The propagation loss of the waveguide was estimated to be ∼0.5 dB∕cm. A maximum SBS gain of as high as ∼44 dB was achieved, which is >25 dB more than previously reported on a chip [24] . The total on-chip gain was increased by having a reduced mode area of ∼1.5 μm 2 , resulting in a γ SBS ∼ 500 m −1 W −1 and using a spiral waveguide with a total length of 11.7 cm.
A schematic diagram of the experimental setup to realize the on-chip MPF is shown in Fig. 2 . The lower arm was used to generate the tailored SBS pump and the upper arm was used to generate the signal. A distributed feedback (DFB) signal laser was modulated by a phase modulator that was driven by a network analyzer. Polarization controller (PC) 1 and PC2 were used to control the polarization state of the light into the phase modulator and in the chalcogenide chip, respectively. A lownoise erbium-doped fiber amplifier (EDFA) was used to amplify the signal power. The amplified signal was coupled into the chalcogenide waveguide using lensed fibers through port 2 of circulator C1. The transmitted signal was collected by another lensed fiber and sent through port 3 of C2 to a high-speed photodetector that was connected to the network analyzer. A variable optical attenuator (VOA) was used to control the incident power on the photodetector. The pump laser was modulated by the electrical signal generated from the AWG using a DPMZM to generate an SSB-SC pump. Several software-controllable electrical lines were generated by the AWG (Keysight M8190A) which were amplified by an RF amplifier and connected to the DPMZM via a 90°h ybrid coupler. PC3 and PC4 were used to control the polarization state of the light in the DPMZM and into the chalcogenide chip, respectively. By controlling PC2 and PC4, the on-chip SBS gain could be optimized. A 1-W EDFA was used to amplify the pump signal to achieve high SBS gain. The 1% port from a 99:1 coupler was connected to a power meter to monitor the input pump power, and the 99% port was sent through C2 to the chip. Port 3 of C2 was connected to a power meter, which allowed monitoring of the transmitted pump power and hence the total insertion loss.
Using a single electrical pump line from the AWG, a narrowband bandpass filter was realized. At a coupled power of ∼40 mW, the filter response was measured on the network analyzer and the selectivity was measured to be 22 dB, which was ∼15 dB higher than what was achieved for a filter formed using the SSB filter. For an ideal filter based on phase modulation, the selectivity should be infinite; however, the selectivity is limited by the phase and amplitude imbalance of the phase modulator and the noise floor of the photonics underlying the filter. The SSB filter maps out the SBS gain, whereas using a phase modulator allows cancellation of the signal at frequencies not experiencing SBS gain, as explained before, leading to an increase in the selectivity. The rolloff of the filter is caused by a combination of the amplitude and phase response of the SBS [25] . This is an attractive technique to realize high selectivity on-chip filters using lower pump powers, thereby reducing the risk of chip degradation. Due to limitations in the power handling capabilities of the chip, this technique facilitates the realization of broad MPFs, since the increase in bandwidth reduces the gain available per pump line. To demonstrate the reconfigurability of the filter, several electrical lines were added to broaden the filter response. The frequency separation between the lines was varied to mitigate the effect of fourwave mixing on the passband ripple [18] . The resulting filter had a large passband ripple, which was corrected using an iterative loop, described earlier. The bandwidth of the filter was tuned from 30 to 440 MHz, as shown in Fig. 3 . The high on-chip gain has enabled more than an order of magnitude improvement in filter bandwidth when compared to previous results [13] , as well as more than decade bandwidth reconfigurability. The passband ripple was measured to be <1.9 dB for all the filters, demonstrating the benefit of using a feedback loop. Such filters could find applications, for example, in noise and interference mitigation in wireless communications [26] .
To demonstrate the frequency tunability of the filter, the AWG was set up to generate an electrical comb resulting in a filter with a 3-dB bandwidth of 140 MHz. The central frequency of the filter was tuned up to 30 GHz by tuning the signal laser, which was limited only by the frequency response of the phase modulator. Figure 4 (a) plots a few filter responses measured in a 600 MHz span-on network analyzer and Fig. 4(b) plots the 3-dB and 10-dB bandwidth, as well as the measured passband ripple of the filter. The passband ripple was maintained at <1.9 dB and the ratio of the 10-dB bandwidth to the 3-dB bandwidth was almost constant throughout operation. Therefore, it can be seen that the filter maintains its passband frequency response throughout the large tuning range, which is a big improvement over current state-of-the-art electronic filters. In Fig. 5 , the filter response is plotted over a larger frequency range. Another passband is observed at a frequency of ∼15.2 GHz higher than the central frequency of the MPF. This can be explained by the loss resonance that occurs at a frequency given by the Brillouin shift higher than the pump. When the signal is swept by the network analyzer at a frequency close to twice the Brillouin shift (2 × 7.6 GHz), the signal experiences a loss, thus reducing the amplitude of the sideband. The two sidebands of the phase modulator are unbalanced, resulting in the formation of a bandpass filter at a higher frequency.
In addition to bandpass filters with tunable central frequency and reconfigurable bandwidth, the use of an AWG also gives the flexibility of realizing multiple filters with varying central frequencies and bandwidth. As a proof of concept, several bandpass filters were realized on the chalcogenide chip by controlling the amplitude and frequency of the electrical lines. Since we were limited in bandwidth by the AWG, two electrical pump lines generated from the AWG at a frequency of 1.8 and 2.4 GHz were combined using an RF coupler with a 10 GHz signal generated from an RF signal generator. This signal was modulated on the phase modulator and the resulting response is shown in Fig. 6(a) . Multiple filters at a central frequency of 20.3, 20.9, and 28.5 GHz were realized. Therefore, using this technique it is possible to realize filters separated by an arbitrary frequency limited only by the available signal generators. Four bandpass filters with a nominal 3-dB bandwidth of 80 MHz separated by 250 MHz are shown in Fig. 6(b) , and six single-pump-line bandpass filters separated by 300 MHz are shown in Fig. 6(c) . Hence, this technique allows the flexibility to generate on-demand multiple bandpass filters for microwave-signal processing. The signal-to-noise ratio (SNR) at the output will be reduced owing to the SBS amplification [20] . The SNR degradation due to on-chip SBS amplification is currently under investigation.
In conclusion, we have presented a technique to realize broadly tunable and reconfigurable MPFs on a photonic chip using SBS. Optimization of the waveguide fabrication led to an on-chip Brillouin gain of more than 40 dB, which has opened up avenues for various applications. Electrical tailoring of the pump allows distribution of the gain over a large bandwidth. The bandwidth of the filter was reconfigurable from 30 MHz to as high as 440 MHz, which represents more than a decade of reconfigurability. The passband ripple was reduced using a feedback loop to less than 1.9 dB. The filter was also continuously tunable up to 30 GHz while maintaining its passband frequency response, which is an important improvement over electronic filters. The flexibility of the filter was demonstrated by realizing multiple filters on chip with varying bandwidths and frequency separation, which can be very useful for microwave signal processing. Tailoring of the on-chip gain is a versatile technique that can be further developed to demonstrate on-chip microwave photonic channelizers. 
